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A b s t r a c t  
The p r o j e c t  
a s  s emb 1 a'ges 
i n c l u d e s  t h e  s u b j e c t i o n  of  s o l a r  c e l l  
t o  d u s t  s t o r m s  i n  wind t u n n e l s  where 
s i m u l a t e d  Mar t ian  envi ronmenta l  c o n d i t i o n s  p r e v a i l .  
The e l e c t r i c a l  performance of t h e  s o l a r  c e l l s  i s  
de te rmined  by t e s t s  b e f o r e  and a f t e r  s u b j e c t i n g  
the  c e l l  assemblages t o  d u s t  s to rms .  Damage t o  
t h e  cover  g l a s s e s  arid ce l l s  i s  a s s e s s e d  by micro-  
s c o p i c  examinat ions  and measurements. To d a t e  a l l  
t u n n e l  runs  liavc been comple ted ;  e i g h t  (3 )  a t  
ambient t e m p e r a t u r e s ,  e i g h t  (3)  a t  24S°K, and e i g h t  
( 3 )  w i t h  d i u r n a l  t empera tu re  range  o f  233°K-2930K. 
E l e c t r i c a l  performance has  been de termined  on 50% 
o f  assemblages fo l lowing  t u n n e l  r u n s .  No d e t a i l e d  
damage assessments  have been concluded.  
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Summa r Y 
Various i n v e s t i g a t o r s  have sugges t ed  t h a t  d u s t  s torms  
do occur  i n  t h e  r a r e f i e d  atmosphere of  Mars. Because+ 
t h e  p o s s i b i l i t y  does e x i s t ,  i t  i s  n e c e s s a r y  t h a t  t h e  
e f f e c t s  o f  such s torms OIL t h e  performance of  s o l a r  
c e l l s  be de te rmined  p r i o r  t o  a s o f t  l a n d i n g  on Mars. 
During d u s t  s torms  f i n e  p a r t i c u l a t e  m a t t e r  could  be 
d e p o s i t e d  on t h e  c e l l s  and t h e  cover  g l a s s e s  cou ld  
be a b r a i d e d .  I n  e i t h e r  c a s e  t h e  e f f i c i e n c y  o f  t h e  
s o l a r  c e l l s  would be reduced.  In  o r d e r  t o  de te rmine  
how e x t e n s i v e  t h e  damage and b l a n k e t i n g  e f f e c t  t o  
t h e  cover  g l a s s e s  might be and t h e  r e s u l t i n g  r e d u c t i o n  
i n  t h e i r  e f f i c i e n c y  a se r ies  of  exper iments  under  
p r e d i c t e d  Mar t ian  envi ronmenta l  c o n d i t i o n s  has  been 
s p e c i f i e d .  
.-\ lcind t u n n e l  o f  t h e  " r ace  t r a c k "  t y p e  was c o n s t r u c t e d  
o f  p l a s t i c  and was used  i n  t e s t s  a t  ambient t e m p e r a t u r e s .  
A second wind t u n n e l  was c o n s t r u c t e d  i n  p a r t  of p l a s t i c  
and i i l  p a r t  o f  s h e e t  me ta l .  The e n t i r e  t u n n e l  was 
i n s u l a t e d  w i t h  s h e e t s  of  Styrofoam. P r o v i s i o n  w a s  made 
f o r  t h e  i n t r o d u c t i o n  and removal of  s o l i d  C 0 2  i n  o r d e r  
t o  c o n t r o l  t h e  t empera tu re  w i t h i n  t h e  t u n n e l .  E igh t  
runs  were made i n  s i m u l a t e d  d u s t  s to rms  a t  a n e a r l y  
c o n s t a n t  t empera tu re  of  2 4 5 ° K .  E igh t  runs  were made 
w i t h  d i u r n a l  v a r i a t i o n s  i n  t empera tu re  which approximated 
a range  from a minimum of 233°K t o  a maximum of  293OK. 
C u r r e n t - v o l t a g e  cu rves  were made f o r  each c e l l  assemblage 
p r i o r  t o  a wind t u n n e l  t e s t  and have been o r  w i l l  be 
f o l l o w i n g  each t e s t .  By t h i s  procedure  t h e  e f f e c t  upon 
t h e  e l e c t r i c a l  performance of  each c e l l  assembly can be  
de te rmined .  Cover g l a s s e s  are t h e n  c l eaned  and p e r f o r -  
mance of  s o l a r  c e l l s  a g a i n  de te rmined  t h u s  e v a l u a t i n g  
t h e  permanent damage t o  s o l a r  c e l l  cove r  g l a s s e s .  
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C e l l  assemblages a r e  t e s t e d  i n  groups of  f o u r  w i t h  each 
subgroup having  cover  g l a s s e s  o f  d i f f e r e n t  m a t e r i a l s ,  
namely, q u a r t z ,  Corning No. 0211 Mic roshee t ,  s a p p h i r e ,  
and i n t e g r a l .  
I n  a11 twen ty - fou r  t e s t s  s o l a r  ce l l .  assemblages have 
been c o a t e d  w i t h  a l a y e r  of  d u s t  which r e s u l t e d  i n  a 
c r i t i c a l  r e d u c t i o n  i n  t l ie e f f i c i e n c y  of t h e  s o l a r  c e l l s .  
I n s p e c t i o n s  a f t e r  c l e a n i n g  t h e  cover  g l a s s e s  r e v e a l  
permanent damage t o  most s u r f a c e s ,  mos t ly  p i t t i n g .  
Sapph i re  cove r  g l a s s e s  appea r  t o  resist  a b r a s i o n  more 
t h a n  due t h e  o t h e r  t y p e s  and e x h i b i t  l e a s t  permanent 
damage. 
Two f a i l u r e s  o f  s i l v e r  mesh connec to r s  occur red  and 
low t empera tu res  reduced t h e  adhes ive  c h a r a c t e r i s t i c s  o f  
tlie cement used t o  s e c u r e  t h e  cove r  g l a s s e s .  
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I n t r o duc t i on 
Most o b s e r v e r s  of  Mar t ian  a tmospher ic  phenomena 
a c c e p t  t h e  s u g g e s t i o n  t h a t  t h e  ye l low c louds  a r e  
d u s t  c l o u d s .  Because no r e a s o n a b l e  a l t e r n a t i v e  
s u g g e s t i o n s  have been o f f e r e d ,  we must accep t  t h e  
p o s s i b i l i t y  t h a t  d u s t  s torms  do occur  i n  t h e  Mar t ian  
atmosphere.  The e f f e c t s  of  wind d r i v e n  d u s t  and sand  
p a r t i c l e s  on equipment t o  be landed  on t h e  Mar t ian  
s u r f a c e  must be de te rmined .  If  such e f f e c t s  a r e  
de t r i i i i en ta l  t o  t h e  o p e r a t i o n  o f  t h e  equipment ,  
changes t o  e l m i n a t e  t h e s e  e f f e c t s  must b e  i nco rpo-  
r a t e d  i n  t h e i r  d e s i g n .  
A t  p r e s e n t  most i t ems  of  equipment which a r e  flown i n  
space  o r  l anded  on an  e x t r a t e r r e s t r i a l  body r e c e i v e  
t h e i r  power from s o l a r  c e l l  assemblages.  I n  space  o r  
on t h e  l u n a r  s u r f a c e  t h e r e  a r e  no d u s t  s torms  s o  t h e  
problem of t h e i r  d e t r i m e n t a l  e f f e c t  has  n o t  e x i s t e d  
t o  d a t e .  On Mars t h e  problem may e x i s t  and equipment 
may become i n o p e r a t i v e  f o r  l a c k  of power f o l l o w i n g  
a d u s t  s torm.  
In o r d e r  t o  de te rmine  t h e  e f f e c t  o f  d u s t  s to rms  on 
s o l a r  c e l l s  and s o l a r  c e l l  cover  g l a s s e s  a s e r i e s  of  
tes ts  has  been des igned  i n  which t h e s e  o b j e c t s  w i l l  
be s u b j e c t e d  t o  d u s t  s torms  a t  s p e c i f i e d  wind v e l o c i -  
t i e s ,  t empera tu res  o r  t empera tu re  r a n g e s ,  i n  a carbon 
d i o x i d e  atmosphere c o n t a i n i n g  a t r a c e  o f  m o i s t u r e .  
These t e s t s  w i l l  be c a r r i e d  o u t  i n  wind t u n n e l s  
des igned  s p e c i f i c a l l y  f o r  them. To a s s e s s  t h e  r e s u l t s  
t h e  fo l lowing  t e s t s  w i l l  be  made. 
( i )  Thc t o t a l  t r a n s m i s s i o n  o f  t h e  s o l a r  c e l l  
covcr  g l a s s c s  b c i o r e  and a f t e r  s u b j e c t i n g  
thciri t o  J u s t  s torms .  
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( i i )  Microscopy of  s o l a r  c e l l  cover  g l a s s e s  
u s i n g  phase c o n t r a s t  and p o l a r i z e d  l i g h t  
t e c h n i q u e s  
( i i i )  Cur ren t  v o l t a g e  curves  w i l l  be made 
b e f o r e  and a f t e r  exposure t o  d u s t  s to rms  
a s  i s  necessa ry  t o  e v a l u a t e  t h e  e f f ec t s  
upon t h e  e l e c t r i c a l  performance o f  t h e  
s o l a r  c e l l  cove r  g l a s s  combina t ions .  
( i v )  Following ( i i i )  cover  g l a s s e s  w i l l  b e  
c l eaned  and t h e  measurements r e p e a t e d  
i n  o r d e r  t o  de te rmine  d e c r e a s e  i n  
e l e c t r i c a l  performance due t o  permanent 
damage. 
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Techn ica l  D i scuss ion  
Based upon d a t a  p r e s e n t e d  i n  J P L  Document No.606-1, 
d a t e d  J u l y  1 5 ,  1968 ( 1 ) ,  t h e  Mar t i an  environment a t  
o r  v e r y  n e a r  t h e  s u r f a c e  is a s  f o l l o w s .  
Su r face  p r e s s u r e  - QlOmb 
Composition o f  t h e  atmosphere - > 5 0 %  C02, t h e  
remainder  probably  an i n e r t  g a s  such a s  a rgon ,  
p l u s  o r  minus t race  of w a t e r  vapor .  
Temperatures 
Maximum a t  e a u a t o r  - r\.305OK 
Minimum a t  e i u a t o r  - %170°K 
Mean ampl i tude  of d i u r n a l  v a r i a t i o n  a t  
e q u a t o r  - %96OK 
Mean p o l a r  cap r e g i o n  [ e s t i m a t e d )  
Winter  - % 2 2 0 ° K  
Summer - %26S°K 
The s u r f a c e  m a t e r i a l  i s  b e l i e v e d  t o  resemble o l i v i n e  
b a s a l t  o r  t h o l e i i t i c  b a s a l t .  The s u r f a c e  l a y e r  i s  
p robab ly  composed of  u n s o r t e d  p a r t i c u l a t e  b a s a l t  
which ranges  i n  s i z e  from a few microns t o  b l o c k s  
measuring t e n s  of c e n t i m e t e r s  i n  d imens ions .  
Wind v e l o c i t i e s  based upon observed motions of ye l low 
c louds  may range up t o  100  km p e r  hour .  
I n  t h e  d e s i g n  of  t h e  t e s t s  t o  which s o l a r  c e l l s  and 
s o l a r  c e l l  cover  g l a s s e s  w i l l  be s u b j e c t e d  some ex-  
c e p t i o n s  t o  t h e  above s p e c i f i c a t i o n s  were made. 
P r e s s u r e .  Because of  t h e  extreme d i f f i c u l t y  i n  
m a i n t a i n i n g  a p r e s s u r e  of  1 0  mb and wind v e l o c i t i e s  
of  up t o  1 0 0  km/hr i n  a wind t u n n e l ,  i t  was ag reed  
t o  use  ambient p r e s s u r e s .  A c t u a l l y  t h i s  w i l l  r e s u l t  
i n  "worst  case"  phenomena du r ing  t e s t s .  Cor rec t ed  
wind v e l o c i t i e s  can be de te rmined  ma themat i ca l ly .  
Atmosphere. The atmosphere w i l l  be 1 0 0 %  carbon d i -  
ox ide  f a t r a c e  of w a t e r .  
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Temperature.  One s e r i e s  o f  t e s t s  w i l l  be run  a t  
ambient t e m p e r a t u r e s ,  a second s e r i e s  a t  2 4 5 O K  and 
a t h i r d  w i t h  a d i u r n a l  v a r i a t i o n  from 233OK and 293OK. 
Wind V e l o c i t i e s .  One se r ies  of  t e s t s  w i l l  be con- 
duc ted  w i t h  wind v e l o c i t y  a t  50 km/hr, and a second 
a t  1 0 0  km/hr. 
P a r t i c u l a t e  M a t t e r .  The d u s t  p a r t i c l e s  t o  be used  
i n  t h e  t e s t s  were o b t a i n e d  by g r i n d i n g  and s i e v i n g  
o l i v i n e  b a s a l t  which was c o l l e c t e d  i n  t h e  Hudson 
Mountains ,  E l l s w o r t h  Land, A n t a r c t i c a .  The p r i n c i -  
p a l  c o n s t i t u e n t s  a r e  c l inopyroxene ,  p l a g i o c l a s e  and 
o l i v i n e .  A sma l l  amount o f  g l a s s  i s  p r e s e n t .  Th i s  
d i f f e r s  somewhat from tlie composi t ion o f  t h e  f i n e s  
i n  t h e  l u n a r  s o i l  o b t a i n e d  by t h e  a s t r o n a u t s  o f  
A p o l l o  11. I n  t h e  l u n a r  m a t e r i a l  g l a s s  c o n s t i t u t e s  
about  50  p e r c e n t  and i l m e n i t e  i s  a p r i n c i p a l  con- 
s t i t u e n t  ( 2 ) .  These compos i t iona l  d i f f e r e n c e s  shou ld  
n o t  a l t e r  t h e  r e s u l t s  of  t h e  t e s t s  s i g n i f i c a n t l y .  
Wind t u n n e l  t e s t s  have shown t h a t  movement of p a r t i -  
c l e s  of l ess  t h a n  60 microns i n  s i z e  w i l l  n o t  b e  
i n i t i a t e d  by wind v e l o c i t i e s  of  1 0 0  km/hr o r  l e s s .  
The p resence  o f  s l i g h t l y  l a r g e r  p a r t i c l e s  i s  neces -  
s a r y  t o  i n i t i a t e  movement. These l a r g e r  p a r t i c l e s  
move by  tlie p r o c e s s  o f  s a l t a t i o n  and w i t h  every  
bounce f i n e r  p a r t i c l e s  a r e  knocked i n t o  t h e  a i r  
s t r eam where t h e y  remain i n  suspens ion .  The f i n e s  
i n  t h e  l u n a r  s o i l  m a t e r i a l  brought  t o  e a r t h  by t h e  
a s t r o n a u t s  i n  t h e  "bulk box" were composed o f  approx-  
ima te ly  4 5 %  i n  t h e  1 2 5 - 6 2 . 5  micron range  and 25% 
i n  t h e  l e s s  t han  6 2 . 5  micron range  ( 2 ) .  Based upon 
o b s e r v a t i o n s  o f  t h e  g e n e r a t i o n  o f  d u s t  s t o r m s  ir. 
t h e  wind t u n n e l  u s i n g  v a r i o u s  s i z e  p a r t i c l e s ,  i t  
was dec ided  t h a t  "worst case ' '  c o n d i t i o n s  could  be 
o b t a i n e d  u s i n g  a mixture  o f  p a r t i c u l a t e  m a t t e r  
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composed of 7 5 %  i n  t h e  125-250 micron range  and 
2 5 %  i n  t h e  c 6 2 . 5  micron range .  These a r e  weight  
p e r c e n t a g e s .  
The s c h e d u l e  o f - t e s t s  t o  which groups of s o l a r  c e l l  
assemblages have been s u b j e c t e d  i s  shown i n  F igu re  1. 
D e s c r i p t i o n s  o f  t h e  t w o  wind t u n n e l s  i n  which t e s t s  
were conducted a r e  i n  t h e  appendix.  
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Discuss ion  o f  P r e l i m i n a r y  R e s u l t s  
A s  i n d i c a t e d  i n  Table  1, twen ty - fou r  s e t s  o f  c e l l  
assemblages have been s u b j e c t e d  t o  d u s t  s torms which 
have been g e n e r a t e d  i n  wind t u n n e l s .  Each s e t  was 
composed of  f o u r  s o l a r  c e l l  assemblages which d i f f e r e d  
i n  t h e  m a t e r i a l  of which t h e  cover  g l a s s e s  were made, 
namely, Corning No. 0 2 1 1  Mic roshee t ,  s i l i c a ,  s a p p h i r e  
and i n t e g r a l .  D u p l i c a t e  runs  were made under  each 
s e t  o f  envi ronmenta l  c o n d i t i o n s ,  t h e  o n l y  d i f f e r e n c e  
was i n  t h e  t y p e  of  connec to r s  i n  t h e  a s sembl i e s .  I n  
t h e  f i r s t  t e s t  t h e  connec to r s  were o f  s i l v e r  mesh 
and i n  t l ie second J P L  bus b a r s  (Dwg. #10016709-1) 
were used .  
I n  t e s t s  conducted a t  ambient t empera tu res  a d u s t  
c o a t i n g  accumulated on a l l  s o l a r  c e l l  assemblages.  
The t h i c k n e s s  of t h e  c o a t i n g s  v a r i e d  c o n s i d e r a b l y .  
I n  g e n e r a l  i t  appears  t h a t  t h e  c o a t i n g s  were t h i c k e r  
a f t e r  exposure t o  24  hours  of  d u s t  s torms  than  a f t e r  
exposure f o r  7 2  hour s .  I t  i s  s u s p e c t e d  t h a t  t h e  t h i c k  
f i r s t  c o a t i n g s  were reduced by subsequent  a b r a s i o n .  
The d u s t  c o a t i n g s  adhered t o  t h e  cove r  g l a s s e s  and t o  
a l l  p a r t s  of t h e  a s sembl i e s  w i t h  such t e n a c i t y  t h a t  
t h e y  were removed w i t h  g r e a t  d i f f i c u l t y .  A f t e r  much 
e x p e r i m e n t a t i o n  t l ie  fo l lowing  t echn ique  was adopted .  
(1) an assemblage was p l aced  i n  a j e t  s t r e a m  
o f  compressed a i r .  The v e l o c i t y  was i n c r e a s e d  
s lowly  u n t i l  no appa ren t  r e d u c t i o n  i n  c o a t i n g  
m a t e r i a l  was noted .  Th i s  p r o c e s s  r e s u l t e d  i n  
t h e  removal of  a l l  b u t  a t h i n  c o a t i n g  of  d u s t  
on t h e  cove r  g l a s s e s .  
( 2 )  assemblages were sp rayed  t h e n  w i t h  "Windex" 
and each cover  g l a s s  was c l e a n e d  wh i l e  b e i n g  
7 
observed  under  t h e  l e n s e s  of  a b i n o c u l a r  
microscope.  "Q- t ips ' '  were used i n  t h i s  
o p e r a t i o n  t o  remove t h e  d u s t  and t o  p o l i s h  
t h e  cover  g l a s s e s .  
In  t e s t s  conducted a t  low t empera tu res  and i n  t h e  
d i u r n a l  range  t h e  c o a t i n g s  i n  g e n e r a l  were t h i c k e r  
t h a n  t h o s e  produced a t  ambient t empera tu res .  They 
were,  however, more c a k e - l i k e  and ,  even du r ing  t h e  
most c a r e f u l  h a n d l i n g ,  p o r t i o n s  o f  t h e s e  cakes would 
drop  o f f  expos ing  n e a r l y  c l e a n  p o r t i o i i s  of t h e  cover  
g l a s s e s  t o  which they  had adhered.  
I n  two c a s e s  s i l v e r  mesh type  connec to r s  f a i l e d ;  one 
d u r i n g  a d u s t  s torm and t h e  second dur ing  c l e a n i n g  
o p e r a t  i o n s .  
The cement used  t o  a t t a c h  t h e  cover  g l a s s e s  l o s e s  i t s  
a d h e s i v e  p r o p e r t y  t o  some e x t e n t  when s u b j e c t e d  t o  
low t empera tu res .  Two cove r  g l a s s e s  became de tached  
d u r i n g  a 72-hour run  under  d u r n a l  t empera tu re  range  
c o n d i t i o n s .  Two cover  g l a s s e s  on an assemblage t h a t  
had been s u b j e c t e d  t o  a t empera tu re  of  245°K became 
de tached  d u r i n g  c l e a n i n g  i n  t h e  j e t  a i r  s t r eam.  
No d e t a i l e d  a n a l y s i s  o f  t h e  r e d u c t i o n  i n  e f f i c i e n c y  
Of t h e  s o l a r  c e l l s  due t o  d u s t  accumulat ion has  been 
completed.  I t  would a p p e a r ,  however, t h a t  a r e d u c t i o n  
i n  e f f i c i e n c y  t o  2 0 %  i s  a r e a s o n a b l e  e s t i m a t e .  Clean-  
ing  o f  t h e  cover  g l a s s e s  r e s t o r e s  t h e  e f f i c i e n c y  of t h e  
assemblages t o  approximate ly  9 5 9  o f  t h e i r  o r i g i n a l  
v a l u e s  a 
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Appendix 
D e s c r i p t i o n  of  Wind Tunnel No. 1. 
The wind t u n n e l  f o r  t es t  exper iments  a t  ambient 
t empera tu res  and p r e l i m i n a r y  tes ts  i s  c o n s t r u c t e d  
mainly of  q u a r t e r  i n c h  p l e x i g l a s s .  I t  i s  e s s e n t i -  
a l l y  a c l o s e d  system shaped l i k e  a r a c e  t r a c k  
(F igu re  2 ) .  The ' a tmosphere '  i s  c i r c u l a t e d  w i t h  
a s q u i r r e l  cage blower which i s  d r i v e n  by an e l e c -  
t r i c  motor.  Wind v e l o c i t i e s  i n  t h e  s t r a i g h t - a w a y  
s e c t i o n s  of  t h e  r a c e  t r a c k  where t h e  t e s t s  a r e  p e r -  
formed a r e  c o n t r o l l e d  by va ry ing  t h e  c r o s s  s e c t i o n .  
Three p a i r s  o f  s t r a i g h t - a w a y  s e c t i o n s  a r e  a v a i l a b l e .  
With one p a i r  a wind v e l o c i t y  of 50  km/hr i s  main- 
t a i n e d ;  w i t h  t h e  second 7 5  km/hr and 1 0 0  km/hr w i t h  
t h e  t h i r d .  With t h i s  arrangement  no v a r i a t i o n s  i n  
blower rpm a r e  n e c e s s a r y  t o  produce t h e  d e s i r e d  ve-  
l o c i t i e s .  The s o l a r  c e l l  modules t o  be t e s t e d  a r e  
mounted on weighted  b r a c k e t s  i n  such  a way t h a t  
t h e  e n t i r e  o u t e r  f a c e  of each  c e l l  and t h e  wire 
connec to r s  a r e  exposed t o  t h e  d u s t  s to rms .  Before 
r eas sembl ing  t h e  r a c e  t r ack  an adequate  amount o f  
'Mar t i an  d u s t '  i s  d i s t r i b u t e d  i n  t h e  v a r i o u s  s e c t i o n s .  
P r i o r  t o  each t e s t  t h e  atmosphere i n  t h e  r a c e  t r a c k  
i s  swept o u t  and r e p l a c e d  w i t h  C 0 2  gas  i n  which t h e r e  
i s  a t r a c e  of  water  vapor .  The r eason  f o r  t h e  use  
of  p l e x i g l a s s  i n  t h e  r a c e  t r a c k  i s  t o  make p o s s i b l e  
d i r e c t  view of t h e  d u s t  s to rms .  P r e l i m i n a r y  t e s t s  
have shown t h a t  some t u r b u l e n c e  i s  g e n e r a t e d  i n  t h e  
curved s e c t i o n s ,  b u t  t h a t  t h e  f low i n  t h e  s t r a i g h t  
s e c t i o n s  when t h e  t e s t s  a r e  performed i s  e s s e n t i a l l y  
laminar. 
1 0  
Wind Tunnel No. 2 .  
The second t u n n e l  i s  t h e  same i n  d e s i g n  a s  No. 1, 
b u t  excep t  f o r  t h e  s t r a i g h t - a w a y  s e c t i o n s ,  i s  
c o n s t r u c t e d  of meta l  s h e e t i n g .  The e n t i r e  t u n n e l  
assemblage i s  covered w i t h  Styrofoam s h e e t i n g .  
P r o v i s i o n  i s  made f o r  t h e  i n t r o d u c t i o n  o r  removal 
o f  b locks  o f  s o l i d  C 0 2  from t h e  me ta l  p o r t i o n s  
of  t h e  " t r ack"  i n  o r d e r  t o  c o n t r o l  t h e  t empera tu re  
w i t h i n  t h e  t u n n e l .  
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